Using singlet molecular oxygen to probe the solute and temperature dependence of liquidlike regions in/on ice freezing-point depression. For ice below its eutectic temperature, the influence of freezingpoint depression on F is damped; the extreme case is with Na 2 SO 4 as the solute, where F shows essentially no agreement with freezing-point depression. In contrast, for ice containing 3 mmol/kg NaCl, measured values of F agree well with freezing-point depression over a range of temperatures, including below the eutectic. Our experiments also reveal that the photon flux in LLRs increases in the presence of salts, which has implications for ice photochemistry in the lab and, perhaps, in the environment.
Introduction
The presence of liquid-like (or quasi-liquid) layers on ice surfaces has been recognized for some time. 1 On pure water-ice, surface disorder occurs to minimize the energy at the ice-air or ice-substrate interface. 2 At temperatures very close to the melting point (-0.15˚C), this layer is indistinguishable from liquid water, 3 but at lower temperatures the thickness of the layer decreases and its physical properties become liquid-like rather than those of a true liquid. 4, 5 Wei and coworkers found disorder in the surface layer on ice crystals grown from deionized water at temperatures as low as -73˚C; this disorder increased with temperature to the melting point at 0˚C. 6 Though their technique only probed the outermost monolayer of water molecules, they found the disordering of the surface monolayer was insensitive to the presence of impurities (e.g., salts) 6 , suggesting neither the structure of the liquid-like region nor the distribution of solutes within them is necessarily homogeneous. Using a different technique, Donaldson and coworkers probed tens of monolayers of the liquid-like surface of a frozen salt solution and found evidence that it is a highly concentrated brine layer. 7 While these techniques all focused on the air-ice interface, liquid-like regions (LLRs) can also occur within an ice sample, for example as inclusions within ice crystals and at grain boundaries or triple junctions within the ice.
Two variables control the thickness (and thus volume) of these liquid-like regions in/on ice: the total concentration of solutes and temperature. 8 Using NMR, Cho and coworkers showed that the liquid-like water content of a frozen sample increases with increasing salt concentration and with increasing temperature. 9 Furthermore, above the eutectic temperature of the system, the solute and temperature dependence of the liquidlike regions closely matched the freezing-point depression (FPD) model, 9 which predicts the composition of liquid-like regions in/on ice samples, assuming all solutes are excluded from the bulk ice into LLRs during freezing. In the freezing-point depression model, the However, the composition of LLRs is not necessarily simply a highly concentrated analogue of the starting solution; for example, there can be important differences in the pH of LLRs compared to the initial solution because of preferential incorporation of ions into the growing ice.
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There is experimental evidence for the freeze-concentration factors predicted by the freezing-point depression model. For example, NMR measurements show that the freezingpoint depression model reasonably describes the bulk composition of LLRs in ice samples made from NaCl solutions (≥ 1 mM) or seawater. 9 Perhaps because of evidence such as this, the freezing-point depression model is widely used in numerical models of ice and snow (photo)chemistry to describe solute concentrations in the LLRs of ice. [12] [13] [14] [15] [16] [17] Understanding the composition of LLRs is essential, in part, because values of the freeze-concentration factor can significantly influence the (photo)chemistry of trace species on ice and snow. 2, 18 For some reactions the chemical behavior in LLRs is similar to liquid-phase chemistry. For example, liquid-phase kinetics and mechanisms can explain the direct photolysis of nitrate, nitrite, and hydrogen peroxide on/in ice made from slowly frozen solutions, conditions where we expect solutes to be in LLRs. [19] [20] [21] [22] [23] However, in many cases liquid-phase chemistry cannot be extrapolated to ice
conditions. There are a number of potential causes for chemistry to be enhanced in/on ice, including freezing potential, changes in pH, catalysis or other reactivity enhancement on ice, and/or viscosity changes. [24] [25] [26] [27] In addition, the freeze-concentration of solutes into LLRs can significantly alter chemistry in/on ice. Takenaka and coworkers showed that as solutions are frozen, solutes partition out of the ice and form a concentrated brine in the unfrozen portion of the solution, where rates of nitrite oxidation are 10 5 (or more) times faster than in solution. 24, [28] [29] [30] [31] In frozen solutions, Grannas and coworkers showed enhanced photoreaction rates of p-nitroanisole with pyridine and observed rates up to about 40 times 5 higher on ice than in the corresponding liquid. 32 We have shown that concentrations of singlet molecular oxygen ( which has a peak absorption band at 549 nm (Supporting Information, Figure S1 ). In ice experiments we used ice pellets made from solutions containing 10 nM RB, while for liquid tests (where reaction rates were slower) we used 100 nM RB. Spectral energy) with a 1000-W Hg/Xe lamp. 21 In order to slow down the rate of FFA reaction in ice samples, we added 6 metal screens in the light path to decrease the photon flux; for liquid solutions, where reactions were slower, no metal screens were added. After illumination, samples were allowed to melt in the dark at room temperature and then the entire sample was immediately analyzed for FFA. Samples containing chloride salts were diluted prior to injection with 100 µL of 40 mM Na 2 SO 4 to improve peak separation. 
Photon flux measurements and adjustments.
The relative photon flux on the day of each experiment was measured using 2NB actinometry to determine j 2NB , the rate constant for 2NB loss. 35 Daily actinometry experiments were performed using a liquid solution and/or ice pellets containing 10 µM 2NB and under the same experimental conditions (temperature, cooling/freezing method, sample container) as the corresponding 8 1 O 2 * experiments, with two exceptions. The first exception is that 2NB was illuminated with 313 nm light (instead of 549 nm light) in order to keep actinometry measurements relatively short. This approach is valid since on a given day the rate constant for 2NB loss with 313 nm light is proportional to (and 260 times faster than) the rate constant with 549 nm light (Supporting Information, Figure S3 ). Thus, although we cannot use the 313 nm result to determine the absolute photon flux at 549 nm, we can use it to scale our FFA kinetic results to relative changes in the photon flux at 549 nm.
The second exception is that, while 
where k FFA+1O2* is the second-order rate constant for reaction of FFA with For a given experiment, we corrected the measured rate constant for FFA loss to: (1) correct for daily variations in photon flux from our illumination system, (2) ):
In equation 3, k´F FA,Sum is the corrected and normalized pseudo-first order rate constant for loss of FFA and j 2NB,Exp is the rate constant for 2NB loss on a given experimental day, measured in a sample with no added salt. The final term (j 2NB /j 2NB,Salt ) adjusts for the effects of salt on the effective photon flux in ice samples (see section 3.1); this ratio is 1.0 for liquid solutions. corrected and normalized for photon flux as in Equation 3) and then divide by the temperature-corrected, second-order rate constant k FFA+1O2* (Supporting Information, Section S1):
In all liquid experiments, and for ice tests at nearly every total solute concentration, the contribution of j FFA,Sum to k´F FA,Sum was negligible. The few exceptions, along with results of control experiments for direct photodegradation of FFA, are detailed in the Supplemental Information (Section S2).
For liquid samples (100 nM RB, 5˚C), the concentration of (6) Unless otherwise noted, uncertainties listed for all values, and error bars on all figures, are the calculated standard errors (±1 SE) propagated from the measured relative standard error of each component.
Results and Discussion
3.1 Effect of salt on photon fluxes in/on ice. Because the photon flux is one of the essential quantities that determine the rate of a photochemical reaction, we first examined how the 2NB actinometry of ice depends on the identity and concentration of salt. As shown in Figure 1 , in all cases the loss of 2NB is faster in ice pellets made from solutions containing salt; i.e., the presence of salt increases the effective photon flux in LLRs.
For ice pellets made from sodium sulfate solutions, photolysis of 2NB is enhanced (compared to pellets with no added Na 2 SO 4 ) but independent of salt concentration, with an average value of j 2NB,Salt /j 2NB of 1.62 ± 0.094 s ) at higher total solute concentrations (7.8 to 1400 mmol/kg; Figure 1B) . As is the case throughout the manuscript, total solute concentrations listed here are those of the original liquid solution used to make the ice pellets.
We also measured j 2NB in several NaCl ice samples at -30 C, but these results were not different from those at -10  C, indicating that temperature does not affect j 2NB or the impact of salts; this is consistent with the lack of temperature dependence seen in ice samples made without salt. 35 The total solute concentration had no effect (for any of the salts) on 2NB actinometry in liquid (i.e., j 2NB,Salt /j 2NB = 1.0).
As far as we are aware, this is the first time the effect of solutes on the effective photon flux in ice samples has been characterized. Although we do not understand the mechanism, the enhanced photochemical loss of 2NB in frozen samples in the presence of salt illustrates the importance of measuring photon fluxes in laboratory ices (and of normalizing rates to measured photon fluxes). These results also suggest that photon fluxes (and thus photochemical rates) in natural ice and snow might sometimes be enhanced by salts. ) at the highest total solute concentrations were 3, 66, and 390 times larger than at the lowest total solute concentrations for Na 2 SO 4 , NaCl, and CaCl 2 , respectively.
The effect of total solute levels in these data is also apparent when comparing steady-state Figure 2 qualitatively show the expected behavior of total solute concentrations on chemistry in LLRs, we can more quantitatively examine this relationship.
Effects of total solute concentrations on freeze-concentration factors. While the raw data in
To do this, we account for differences in photon fluxes (Equation 3 The likely explanation for this discrepancy between F FPD and F Exp is that the experimental temperature (-10 ˚C) is below the eutectic temperature (T eu ) of Na 2 SO 4 -H 2 O (-1.3˚C), 45, 46 i.e., the temperature below which a system should form a solid mixture of pure 16 ice and precipitated salt. 45, 47 Although all of the salt should be precipitated below the eutectic temperature based on the common definition of T eu , there is evidence that liquidbrine layers do exist. 9, 32, 48 So the fact that the Na 2 SO 4 ice samples in Figure 3 were studied at a temperature below T eu does not preclude some effect of freeze-concentration, but likely explains the insensitivity of F Exp to total solutes for Na 2 SO 4 -ice.
In contrast to the Na 2 SO 4 results, frozen chloride-salt solutions at -10˚C (above their eutectic temperatures) show much more variation in F Exp with changes in total solute concentration ( Figures 3B and 3C ). For ices containing NaCl (T eu = -21.5˚C) 46 , values of similar to what we observe in Na 2 SO 4 samples. In the second regime, near 1 mmol/kg TS and above, F Exp appears to converge to F FPD for ice containing NaCl, while F Exp for ice containing CaCl 2 appears to be bounded by F FPD (Figures 3B and 3C ). In the case of CaCl 2 , the experimental underestimate of F FPD at high CaCl 2 concentrations could be due to the fact that the majority of FFA loss is due to direct photodegradation in this TS regime (i.e., in this case, the estimate of F Exp requires parsing the minor contribution of We also tested the effect of total solute concentration on NaCl ice samples illuminated below the eutectic temperature, at -30˚C ( Figure 3B ). As shown by the gray line in Figure 3B , the freezing-point depression model predicts that freeze-concentration factors at -30˚C are simply enhanced by a factor of 3 compared to the -10˚C values. In our experiments, measured values of F Exp are higher at -30˚C compared to at -10˚C, but with enhancement factors that range from 11 at the highest total solute concentration to 1.5 at the lowest. At total solute concentrations of 6 mmol/kg and below, F Exp values at -30˚C are similar to values at -10˚C and are also lower than predicted from the freezing-point depression model. However, at 60 mmol/kg TS and above, F Exp for NaCl ice at -30˚C is 3 to 7 times higher than F FPD . While this general behavior is similar to the subeutectic case with Na 2 SO 4 , the effect is far less pronounced with NaCl. For NaCl at -30˚C, F Exp ranges from 86 ± 38 to (2.1 ± 0.98)  10 4 from 1230 to 0.02 mmol/kg TS, an increase by a factor of ~240 over the total solute range; in contrast, F Exp for Na 2 SO 4 at -10˚C is essentially constant over a similar concentration range. Although F Exp is less sensitive to changes in total solutes for NaCl-ice below the eutectic temperature, this ice still exhibits behavior consistent with LLRs whose compositions vary qualitatively as expected from a freezing-point depression model.
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To more quantitatively describe the conditions under which liquid-like regions may be best modeled with freezing-point depression, in Figure 4 we compare the ratio of F Exp to F FPD over the range of total solute concentrations. At the lowest total solute concentrations, measured values of the freeze-concentration factor are approximately 30-60 times lower than predicted from freezing-point depression, both for ices studied above and below their eutectic temperature (Figures 4A and 4B) . This difference between F Exp and F FPD decreases with increasing total solutes, disappearing at approximately 1-3 mmol/kg TS. At total solute levels above this concentration, whether the system is above or below T eu becomes more important. For systems below T eu , F Exp exceeds F FPD for total solute concentrations above 6 mmol/kg, with the ratio F Exp :F FPD reaching 6.4 at 1230 mmol/kg TS for NaCl (at -30˚C) and 520 at 1400 mmol/kg Na 2 SO 4 . For systems above T eu and with total solute concentrations above approximately 1 mmol/kg, F Exp is fairly well described by F FPD for NaCl-ice, while for the highest concentrations of CaCl 2 -ice the measured value of F is 11 to 14 times lower than predicted by the freezing-point depression model. Ratios calculated from NaCl data of Cho and coworkers 9 in this solute range are similarly well described by freezing-point depression ( Figure 4A ). Regardless of whether the temperature of the system is above or below T eu , freezing-point depression predicts F Exp within a factor of 5 for the small total solute concentration range between 0.5 and 1.8 mmol/kg. If we exclude Na 2 SO 4 -ice from this comparison, the solute range expands to 0.5 to 18.5 mmol/kg ( Figure   4 ). Grannas and coworkers found this minimum concentration of NaCl could be as high as 155 mmol/kg with little precipitation of the salt in ice. 32 Thus while freezing-point depression does a poor job of describing the freeze-concentration factor at low total solute concentrations ( Figure 3) , with 6 mmol/kg TS as NaCl (and presumably other concentrations near 0.5-18.5 mmol/kg TS), the freezing-point depression model accurately matches our experimental results down to temperatures at least 14˚C lower than the eutectic temperature for the system ( Figure 5 ). reactivity increased as the total solute (NaCl) concentration decreased until around 7.5 mmol/kg (at -10˚C) when the reactivity leveled off, which they attributed to solute precipitation. 32 However, we think it is unlikely that FFA is precipitating at the highest values of F in our experiments (i.e., under conditions of lowest total solutes) where the concentration of solutes should be enhanced by factors greater than 10,000. At roomtemperature FFA is miscible in water. 34, 49 In the case of FFA, even with our greatest measured value of F the concentration of FFA in liquid-like regions would be only approximately 2.7 mM; thus precipitation should not occur. In the case of RB, which has a solubility of ~1 mM at room temperature, 50 we start with 10 nM in our pre-frozen solutions so that RB precipitation should not occur for freeze-concentration factors as large as 10 Finally, non-ideal behavior in our samples cannot explain the discrepancy between F FPD and F Exp in the low TS regime: adjusting for non-ideality across our total solute range by applying results of Kuo and coworkers 16 yields little difference in F FPD , with the largest difference only a factor of ~1.3 lower at the lowest TS concentrations.
Thus we cannot currently explain why our results do not match freezing-point depression predictions at low TS conditions.
Conclusions
Snow and ice provide a vast surface area for chemical reactions that can affect the chemistry of the overlying atmosphere as well as the water that drains into soils and surface waters after snowmelt. In the environment, the total concentration of solutes in snow and ice can vary widely, from 10's of micromolar in clean continental snows [52] [53] [54] to molar levels in sea-ice brines and frost flowers. 55 This total solute concentration, along with temperature, controls the volume of liquid-like regions in/on snow and ice.
We have shown that measured concentration enhancements in LLRs are well described by freezing-point depression under some conditions. For example, in systems containing chloride salts, freezing-point depression describes F Exp when total solute concentrations are above ~1 mmol/kg at a range of temperatures above and -somewhat surprisingly -below the eutectic temperature. Below 1 mmol/kg of total solutes, however, are plotted as crosses for three concentrations of NaCl at -10˚C. A ratio of 1 for F Exp :F FPD indicates perfect agreement of the experiment with the freezing-point depression model. Panel (A) shows results in illuminated ice pellets studied above the eutectic temperatures (T eu ) of NaCl and CaCl 2 , while (B) shows the ratio in pellets studied below T eu of NaCl and Na 2 SO 4 . 
